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Abstract

Interferons are an ancient and well-conserved group of inflammatory cytokines most famous for 

their role in viral immunity. A decade ago, we discovered that interferons also play an important 

role in the biology of hematopoietic stem cells (HSCs), which are responsible for lifelong blood 

production. Though we have learned a great deal about the role of interferons on HSC quiescence, 

differentiation, and self-renewal, there remains some controversy regarding how interferons impact 

these stem cells, with differing conclusions depending on experimental models and clinical 

context. Here, we review the contradictory roles of Type 1 and 2 interferons in hematopoiesis. 

Specifically, we highlight the roles of interferons in embryonic and adult hematopoiesis, along 

with short-term and long-term adaptive and maladaptive responses to inflammation. We discuss 

experimental challenges in the study of these powerful yet short-lived cytokines and strategies 

to address those challenges. We further review the contribution by interferons to disease states 

including bone marrow failure and aplastic anemia as well as their therapeutic use to treat 

myeloproliferative neoplasms and viral infections, including SARS-CoV2. Understanding the 

opposing effects of interferons on hematopoiesis will elucidate immune responses and bone 

marrow failure syndromes, and future therapeutic approaches for patients undergoing HSC 

transplantation or fighting infectious diseases and cancer.
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Introduction

Interferons (IFNs) are a group of signaling proteins primarily made and released by immune 

cells upon interaction with pathogens or cancer cells, but can be produced by most other 

cell types [1, 2]. Interferon production can also be induced endogenously by sensing self-

ligands (i.e. dsDNA and dsRNA) or through TLR agonists [3]. These cellularly intrinsic 

stimuli induce the cGAS/STING (DNA) or RIG-I and MDA5 (RNA) pathways to maintain 

steady-state interferon production during homeostasis [3]. While IFNs are expressed at low 

levels in the body at baseline, members of the IFN family are induced to differing degrees 

depending on the stimulus, therefore their role in the immune response is dynamic and 

pathogen-specific [1, 2]. Once produced and secreted by immune cells, IFNs modulate 

activity of the immune system by inducing transcription of interferon signaling genes 

(ISGs) [1–3]. A complete understanding of the impact of IFNs on the immune system 

and hematopoiesis — the generation of all circulating, mature blood cells — promises to 

uncover important therapeutic opportunities for therapeutic use of IFNs in immunology and 

oncology.

Ten years ago, we discovered both IFNα and IFNγ can influence the biology of 

hematopoietic stem and progenitor cells (HSPCs) [4, 5]. This discovery created a field 

that has yielded contradictory evidence about how IFNs influence hematopoietic stem cell 

(HSC) development and maintenance (Figure 1). In the short term, IFN signaling can be 

beneficial to induce HSC division and differentiation, increase myelopoiesis, and enhance 

immune responses to acute infections [4, 6–8]. However, these same molecules are capable 

of causing deleterious long-term effects like stem cell exhaustion and selection pressure for 

clonal stem cells [9–11]. In this review, we will dissect the dual roles IFNs play in the 

hematopoietic system, both under steady state as well as upon inflammatory conditions, 

including host responses to infection, aging, and cancer. We will focus on how the chronicity 

of signaling contribute to differential and context-specific effects by IFNα and IFNγ on 

HSCs (Figure 1). Finally, we will discuss potential new avenues for IFN vaccination and 

therapeutics to modulate host immune response when faced with novel diseases including 

pandemic SARS-CoV-2 infection (Figure 3).

The Interferons

Discovered in 1957, IFNs are a class of signaling molecules that trigger host defense 

mechanisms [1, 2, 12]. Although they were initially named based on their ability to 

“interfere” with viral infection of cells, it is now known that IFNs can impact a variety 

of different cellular processes. Each type of IFN is classified according to multiple 

criteria including sequence identity, genetic loci, cell of origin, receptor distribution, and 

downstream responses [1]. The three main types of IFNs are Type I IFNs (includes IFNα 
and IFNβ), Type II IFN (IFNγ), and Type III IFNs (IFN-like cytokines and IFNλ) [1, 2, 12].

Type I IFNs are the largest and best-characterized group of IFNs and are composed of 

several classes, with IFNα and IFNβ being the most well-defined. IFNα is predominantly 

produced by plasmacytoid dendritic cells (DCs), whereas IFNβ is produced by most 

hematopoietic cell types [1–3]. Type I IFNs are one of the first cytokines produced during 

a virus infection in response to pattern recognition receptor (PRR) stimulation [1, 12]. 
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Best known for their ability to restrict viral replication in infected cells and promote an 

antiviral state in bystander cells, these IFNs are central regulators of innate immunity [1, 

2]. In addition to their role in evading viral infections, Type I IFNs also promote antigen 

presentation, natural killer (NK) cell function, and activation of adaptive immune cells [1, 2, 

12]. Both IFNα and IFNβ bind to a heterodimeric transmembrane receptor termed IFNα 
receptor (IFNAR), thereby activating Signal Transducer and Activator of Transcription 

(STATs) proteins, which then translocate as a STAT1/STAT2 heterodimer to the nucleus 

and bind to specific elements to regulate gene transcription [13].

IFNγ is the sole member of the type II IFN family and acts as a mediator of the host 

immune system and anti-tumor responses [1, 2]. IFNγ is secreted primarily by T cells and 

NK cells in response to Th1-inducing pathogens but it has also been shown to be secreted by 

professional antigen presenting cells (APCs), B cells and NKT cells [1, 2, 12]. The cellular 

source of IFNγ secretion corresponds to unique functions in response to pathogens, with NK 

cells secreting IFNγ early during infection and T cells subsequently producing the majority 

of IFNγ in the adaptive immune response [1, 12]. IFNγ is considered a pro-inflammatory 

cytokine whose production can be stimulated by cytokines produced by APCs, (i.e. IL-12, 

IL-15 and IL-18), type I IFNs including IFNγ, and pathogen associated molecular patterns 

(PAMPs) [1, 2]. Alternatively, negative regulators of IFNγ production include IL-4, IL-10, 

TNFβ, and glucocorticoids [13]. IFNγ binds to its receptor (IFNGR), which is composed of 

both an alpha (IFNGR1) and a beta chain (IFNGR2) [1, 12]. IFNGR1 can mediate biological 

responses to IFNγ alone, independent of the presence of IFNGR2 [1, 2]. Intracellular 

signaling through IFNGR is mediated via STAT1 homodimers [1, 12]. Thus, the signaling 

pathways utilized by IFNα and IFNγ are overlapping, and synergistic, as IFNγ signaling 

can induce production of IFNα.

IFNs as therapeutics and modulators of the immune system

Although IFNs are critical for host immune responses, their therapeutic use has not 

advanced over the past few decades. IFNα was the first IFN and the first cytokine to 

be produced by the pharmaceutical industry and has been used to treat chronic myeloid 

leukemia (CML), melanoma, myeloproliferative neoplasms, and chronic Hepatitis B and C 

infections [1, 14, 15]. As a therapy, IFNα can induce apoptosis, inhibit proliferation and 

cell cycle progression, and promote the terminal differentiation of cancer cells by activating 

IFNAR signaling [1, 2, 12]. However, IFNα therapy has a short half-life in the bloodstream, 

high myelotoxicity, and paradoxical immunosuppressive effects [1, 12].

Based on work showing potency against intracellular pathogens, activation of NK cells, 

and recruitment and stimulation of other immune cells like neutrophils to generate a 

superoxide-laden respiratory burst, IFNγ was thought to have high therapeutic potential as 

an immune-modulatory drug [1, 12]. Currently, IFNγ is used to treat chronic granulomatous 

disease and osteopetrosis, a rare osteosclerotic bone disease [2]. However, IFNγ therapies 

are associated with flu-like side effects, including fever, headaches, nausea, and bone pain 

[1, 12]. The severity of these symptoms has been correlated with the dose.

Despite these limitations, IFNs remain an important consideration in the treatment of 

infections and malignancies either alone or in combination with other therapeutic modalities. 
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For example, the combination of pegylated IFNα with antivirals including entecavir or 

ribavirin has been investigated in multiple clinical trials to treat chronic hepatitis B and 

C [16–19]. Combination therapy with pegylated IFNα is also being investigated for 

symptomatic HIV infection for both primary infections and in combination with hepatitis 

infection [21]. Notably, exploratory combination therapy for solid tumor (e.g. renal cell 

carcinoma, malignant melanoma) and hematological malignancies (e.g. chronic myeloid 

leukemia, multiple myeloma) are currently being investigated (www.clinicaltrials.gov). 

Harnessing the ability of interferons to modulate the host immune system should continue 

to be pursued, particularly with the introduction of innovative immunotherapy strategies 

including monoclonal antibodies and CAR-T cells.

IFN signaling during developmental hematopoiesis

Although fetal life is considered to be immunologically protected, several studies have 

demonstrated that IFNs play a critical role in developmental hematopoiesis. Li et al. 
published the first evidence of the involvement of IFNs in developmental hematopoiesis, 

showing that mouse embryos lacking IFNγ or IFNα signaling had significantly fewer 

HSPCs at the aorto-gonado-mesonephros (AGM) stage of development [21]. Furthermore, 

the number of lymphoid progenitors (LPs) was significantly reduced in the IFN KO 

embryos, though erythroid-myeloid progenitors (EMP) were not affected, correlating with 

a robust innate immune/inflammatory gene expression signature in these cells. It was later 

shown that IFNα signaling also plays a role in the functional maturation of AGM HSCs 

[22]. Indeed, treating AGM HSCs with IFNα enhances their long-term engraftment and 

donor chimerism, indicating improved function, while AGM HSCs lacking IFNAR show 

reduced donor chimerism. Of interest, limiting dilution experiments showed that treating 

AGM HSCs with IFNγ but not IFNα increased stem cell frequency, whereas FL fetal liver 

cells from Ifnar−/− but not Ifngr−/− had lower engraftment potential [22]. A recent study also 

demonstrates a strong type I interferon response in the late prenatal period that promotes 

HSC expansion [24]. Results from these studies suggest that IFNα promotes functional 

maturation and expansion of AGM HSCs while IFNγ plays a role in HSC emergence.

The role of IFN signaling in embryonic HSPC development is conserved in zebrafish. As 

in mice, loss of IFN signaling did not affect EMP numbers in zebrafish embryos [21], 

highlighting the specificity of IFNs on HSC and LP development. In addition, zebrafish 

morphants lacking IFNγ or its receptor had reduced expression of runx1, an important 

marker of HSPCs in the AGM region [27], thus supporting the significance of IFNγ 
in HSC emergence across species. Furthermore, Sawamiphak et al. showed that IFNγ 
overexpression was sufficient to rescue loss of HSCs in two models (Notch signaling 

knockdown and blood loss) [27]. Similarly, zebrafish embryos lacking the IFNα ortholog 

(IFNφ) had fewer HSPCs and thymocytes, whereas knockdown of Irf2a, a negative regulator 

of IFN signaling, had more of these cells. In zebrafish, IFNγ acts through STAT3 signaling, 

whereas the effect of IFNα in AGM HSPCs was mediated solely through STAT1 [27]. 

These studies suggest that IFNs signal through distinct downstream molecules during 

developmental hematopoiesis, likely contributing to their separate roles.
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The role of IFNs during developmental hematopoiesis is conserved not only in zebrafish 

and mice but also in humans, as IFN signaling is active in human fetal HSPCs [21]. The 

study by Li et al. indicated that fetal macrophages act as local source of IFNs to promote the 

production of HSCs and LPs [21]. However, which cells produce IFNs during early stages of 

development in the AGM remains an important open question.

Impact of IFNs on adult hematopoiesis

IFNs have long been known for their anti-proliferative, apoptotic and cytotoxic properties 

in multiple cell types, consistent with their role as anti-viral agents [28]. In 1962, Paucker 

first described the effect of IFNs on hematopoietic cells, showing G0-G1 cell cycle arrest 

and a decline in the growth of both malignant and non-malignant cell lines following 

IFN exposure [29]. A dual nature of IFNs has been suggested more recently, where, in 

addition to their inhibitory properties, they also stimulate immune cells [2]. In contrast to 

the well-described roles of IFNs in immune cell biology, studies addressing how they affect 

HSCs have only recently begun and results appear complex and contradictory. IFNs have 

been shown to both induce cell division of HSCs and impair their self-renewal capacity and 

long-term persistence [4, 5, 9, 26] (Figure 1).

Initial reports by Gidali et al showed that in vitro treatment of murine HSCs with Type 1 

IFNs inhibited proliferation by reducing the number of colony forming units (CFUs) in the S 

phase [31]. Similar results were observed with parallel in vivo experiments carried out with 

polyI:C, a synthetic double stranded RNA that mimics viral infections by inducing IFNα 
production. Although polyI:C induces a response similar to IFN it is important to note their 

mechanism of signaling is different. Because polyI:C signals through intracellular sensors, 

it is possible polyI:C treatment can lead to additional effects that differ from a solely IFN 

response. Moreover, mice overexpressing IFNγ showed reduced numbers and frequencies 

of hematopoietic progenitors [28], whereas mice lacking Irf2 showed increased numbers of 

proliferating HSCs [33]. Several studies then focused on the role of IFNs as regulators of 

HSPCs and showed that both IFNα and IFNγ exert anti-proliferative properties on many 

different bone marrow-derived HSPCs in vitro [3, 30, 31]. These suppressive effects were 

mediated by activation of protein kinase Cn (PKCn) and p38 mitogen activated protein 

kinase [32] [33]. Thus, IFNs were considered suppressors of hematopoiesis, which was 

further supported by a study showing that treatment of human HSCs in culture with IFNγ 
compromised their self-renewal properties [34]. Note that the readout in all of these studies 

was a CFU assay, which measures the potential of a cell to divide, but not necessarily to self-

renew. Moreover, the frequent use of the term “proliferation” as a synonym for cell division 

in many of these studies is confusing, as it can be mistaken to indicate an increase in stem 

cell number. However, stem cells can undergo division without proliferating, particularly 

when those divisions result in differentiation as opposed to self-renewal. It is therefore 

important to specify the actual assays performed to analyze the state of HSCs in order to 

better understand the impact of IFNs on HSC biology.

In more recent years, we and others have shown that treatment of mice with IFNα, polyI:C, 

or IFNγ induces cell cycle entry of quiescent HSCs [4, 5, 35]. Furthermore, infections with 

Mycobacterium avium, a bacterium, or murine cytomegalovirus (MCMV) strongly induce 
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IFNγ or IFNα, respectively, in the bone marrow, leading to increased cell division of the 

HSC pool. Nevertheless, the HSC pool does not increase in number despite their exit from 

quiescence and increased cell division following IFN exposure in vivo [8, 35] as a result 

of impaired self-renewal [30]. It is thus more accurate to describe the IFN-induced HSC 

exit out of quiescence as an increase in cell division rather than an increase in cellular 

proliferation. Moreover, although IFNs are able to induce cell cycle activation of HSCs 

in vivo, this effect was not recapitulated in vitro regardless of the concentration of IFNs 

used and even when co-cultured with bone marrow or stromal cells [39]. Results of in vivo 
versus in vitro studies can be highly disparate because removal of HSCs from their niche 

stresses the cells and alters their response to IFN treatment. Despite advances in stromal 

co-culturing and other in vitro technologies, in vitro assays remain inadequate to replicate 

the contribution of the bone marrow niche in supporting HSC biology.

Many cell types in the bone marrow can respond to IFNs and thus might play a role 

in mediating IFN-induced activation of HSCs in vivo. The cellular composition of the 

niche — made up of osteoblasts, neurons, endothelial cells, mesenchymal stromal cells 

(MSCs), and hematopoietic cells such as megakaryocytes and monocytes, among others 

— plays an important role in HSC maintenance and homeostasis [36, 37]. The concept 

that inflammatory stress-induced alterations in stromal cells can affect the hematopoietic 

process was proposed several years ago [7]. For example, IL-6 secretion of MSCs has been 

suggested to indirectly mediate IFNγ-induced myelopoiesis on HSPCs [38]. Furthermore, 

IFNγ can alter MSC biology by inhibiting proliferation and differentiation and enhancing 

immunosuppressive properties [43]. However, how IFN-responding MSCs impact HSC 

biology in their niche remains unclear.

Macrophages in the bone marrow also respond to IFNγ, resulting in reduced HSC numbers, 

both at steady state as well as under infection [40]. Furthermore, IFNγ can induce 

alterations in HSC-niche adhesive interactions. For example, αvβ3 integrin enhances the 

suppressive effects of IFNγ on HSC function through enhanced STAT1 phosphorylation 

[45]. We have recently shown that IFNα can affect bone marrow vessel permeability; as 

endothelial cells can be activated in response to acute IFNα exposure in vivo, and this is in 

part mediated by signaling from IFNα-stimulated HSCs [42]. In addition, IFNα can impact 

megakaryocyte distribution in the bone marrow niche [47]. Furthermore, IFNα leads to 

increased expression of ECM components in HSCs, suggesting alterations in the connection 

of HSCs with the ECM in the niche [44]. These data provide evidence for crosstalk between 

HSCs and niche components under inflammatory stress conditions, and might thus explain, 

at least in part, the discrepant impact of in vitro and in vivo IFN treatments on HSC biology.

Differing responses by hematopoietic cells to IFNs may also reflect differences in cell types 

analyzed. Studies showing anti-proliferative effects of IFNs were mostly done on total bone 

marrow or a stem and progenitor cell enriched population, defined as a “LSK” (lineage-

negative, cKit+, Sca1+). Moreover, inflammatory stress in the bone marrow is accompanied 

by changes in stem cell marker expression, complicating the molecular and functional 

identification of HSCs under stress. IFN-induced signaling increases expression of the stem 

cell marker Sca1, leading not only to strong up-regulation of Sca-1 on HSCs [5, 35], but 

also to its expression on common myeloid progenitors (CMPs) and granulocyte-monocyte 
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progenitors (GMPs) that normally do not express Sca1, shifting these cells into the LSK gate 

(Figure 2). IFN treatment also slightly alters expression of other stem cell markers including 

CD48 and CD150 (Figure 2). [39]. Therefore, stringent markers are critical to exclude other 

cell types and enhance interpretation of findings related to HSC function, particularly when 

HSCs are exposed to inflammatory stressors.

Several recent studies have suggested a combination of EPCR and CD34 together with 

the SLAM markers, cKit and lineage markers, provide highly stringent enrichment for 

functional HSC following inflammatory stress [45]. In support of this finding, previous 

work suggested IFN-exposed SLAM HSCs are functionally impaired [5, 35]. However, 

Fgd5-mCherry+ SLAM HSCs, highly enriched for EPCR+/CD34−, from polyI:C-treated 

mice showed comparable reconstitution to untreated cells [46]. Thus, a careful analysis of 

the phenotypic markers in combination with functional studies is essential to interpret how 

IFN treatment affects HSC biology.

In addition to their impact on HSC cell cycling, IFNs also have distinct effects on 

HSC differentiation. During infection-associated emergency myelopoiesis, IFNγ was 

identified as a potential mediator of stress-induced myeloid specification. IFNγ can act 

specifically on myeloid-biased HSCs and induce myeloid differentiation via activation 

of the transcription factors Batf2 and C/EBPβ [8, 9]. Moreover, IFNγ treatment leads 

to elevated expression of the monocyte promoting transcription factor PU.1 and inhibits 

granulocyte colony stimulating factor (G-CSF) induced activation of STAT3, an essential 

transcription factor for emergency granulopoiesis [47, 48]. In support of this, IFNγ-

deficient mice infected with viruses that typically induce monopoiesis in wildtype mice, 

such as lymphocytic choriomeningitis virus [49], displayed extreme granulocytosis and 

a strong increase in neutrophil development [51] [54]. Even though no parallel analysis 

was performed with IFNα, there is no clear evidence so far that IFNα promotes 

HSC myeloid differentiation. Nevertheless, we have shown that IFNα rapidly activates 

a posttranscriptional megakaryopoietic program in stem-like megakaryocyte-committed 

progenitor (SL-MkPs), leading to efficient replenishment of platelets that are lost during 

inflammatory insults [51].

Tonic IFN stimulation has a time and context-dependent impact on HSC responses. In 

contrast to acute IFNα-stimulation, chronic IFNα treatment compromised HSC repopulation 

capacity and a return to quiescence, protecting HSCs from IFNα-induced apoptosis [39]. 

On the other hand, HSC cell cycle activity remains high with continuous IFNγ treatment 

[9]. Thus, chronic exposure to IFNα but not IFNγ appears to induce survival mechanisms 

in HSCs. However, there is a window of time during which in vivo treatment of IFNs 

leads to HSC exit from quiescence and promote cell division. In addition, IFNγ plays 

a role in the demand-adapted hematopoiesis to replenish myeloid cells lost during acute 

inflammatory conditions [9]. Interestingly, recent evidence has shown that IFNγ is involved 

in the process of trained immunity by educating HSCs to generate trained monocytes, 

thereby conferring long-term functional reprogramming of innate immune cells [52]. Even 

though demand-adapted myelopoiesis is not observed following IFNα treatment, high levels 

of IFN signaling in HSCs do alter their chromatin structure and protect them from viral 

infections [57].
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In summary, many studies have described the impact of IFN treatment on HSC biology, 

however differences in read out, in vitro and in vivo settings, and cell populations analyzed 

lead to seemingly contradictory data. In the sections below, we discuss the impact of timing, 

dose, and environment on IFN-mediated effects on HSCs and hematopoiesis.

Short-term vs. long-term effects of interferon signaling on hematopoiesis

Here, we will describe the differing effects of short- and long-term IFN in variety disease 

contexts (Figure 3).

Infection—Persistent pro-inflammatory cytokine signaling during infections such as can 

result in loss of HSCs and bone marrow failure [54, 55]. Therefore, it is critical to study how 

infection-based bone marrow suppression occurs, particularly the influence of IFNs on cell 

homeostasis, to develop novel therapeutics to maintain the HSC pool and prevent stem cell 

exhaustion.

Multiple infection models show that IFN signaling disrupts HSC quiescence. 

Mycobacterium avium infection induces persistent IFNγ signaling and increases the 

proportion of dividing LT-HSCs [4, 8]. Similar results have been described in response 

to another intracellular bacteria, Ehrlichia muris, or upon viral infection with LCMV or 

MCMV [7, 19, 50]. However, despite the increased cell division rate, HSC engraftment 

was decreased after M. avium or MCMV infection, reflecting impaired self-renewal [8, 

9, 56]. We showed that IFNγ signaling induced by M. avium infection caused myeloid-

biased differentiation and infection-mediated depletion of HSCs [10]. Thus, on one hand 

inflammation-mediated HSC differentiation may enable prompt responses to infection, but 

on the other it could negatively impact the generation of lasting immunity and maintenance 

of the stem cell pool.

Several infection models in mice have now described myeloid differentiation bias and 

stem cell exhaustion upon increased IFNγ signaling. In our chronic M. avium infection 

model, depletion of the stem cell pool through terminal differentiation ultimately led to 

pancytopenia [10]. The stem cell pool also was depleted in the LCMV mouse model 

of chronic viral infection [20]. In studies looking at systemic E. coli bacterial infection, 

sonic hedgehog signaling (SHH) was found to be critically important in regulating HSPC 

activation and reprogramming during the granulopoietic response to serious bacterial 

infection [61]. Mice with deletions in Gli genes, critical mediators of SHH signaling, 

showed attenuated activation of marrow HSPC division and production of granulocytes 

following bacteremia, suggesting that the SHH pathway might be involved in HSC 

differentiation upon infection [61]. Ehrlichia muris infection increased myelopoiesis, 

circulating myeloid cells, increased Sca-1 expression and decreased myeloid progenitor cells 

in mice — all responses dependent on IFNγ but not IFNα signaling [54]. Strikingly, IFNγ 
promoted the emergence of a specific myelo-lymphoid progenitor that produced myeloid 

cells to constrain microbe spread in a Plasmodium chabaudi-based murine model of malaria 

[62]. These findings demonstrate IFNγ signaling, particularly in the context of infection, is 

a potent mediator of HSC myeloid differentiation and eventual exhaustion in the setting of 

infection.
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In the context of an acute viral infection, IFNα, along with TNFα and lymphotoxin (LT), 

can transiently alter hematopoiesis, similar to IFNγ. In vesicular stomatitis virus (VSV) 

and murine cytomegalovirus (MCMV) infection, persistent IFNα signaling induced by non-

acute MCMV infection results in a sustained inflammatory state within the bone marrow 

that is associated with long-lasting impairment of HSC function [56]. Acute viral infection 

impairs reconstitution potential of LT-HSCs even after resolution of the acute infection, 

indicating there are lasting reprogramming effects following pathogen clearance. Bone 

marrow aplasia after LCMV infection was shown to be IFNα-dependent [20]. In contrast, 

IFNα plays an important role in protecting hematopoiesis during systemic stress responses 

to the opportunistic fungal pathogen Pneumocystis [63]. The differences in HSC response to 

IFNα between sterile stimulus models that induce proliferation and viral infection models 

that lead to stem cell exhaustion imply that the duration and the source of IFNα may play a 

role in altering the balance of HSC self-renewal and homeostasis.

Interferonopathies

Control of the host immune response is dependent on its ability to be able to discriminate 

self vs. foreign antigens, including determining whether free genetic material is pathogen or 

host-derived. In the past few years, studies have shown there are monogenic diseases present 

within the human population that lead to persistent activation or loss of negative regulation 

of_the type I (IFNα) interferon response, known as interferonopathies [64]. Type I 

interferonopathies are comprised of phenotypically heterogenous groups of autoimmune and 

auto-inflammatory disorders including Aicardi-Goutiéres syndrome (AGS), systemic lupus 

erythematosus (SLE), and proteosome associated auto-inflammatory disorders (PRASS) 

[64]. Although most interferonopathies are caused by loss of function mutations, STING-

associated vasculopathy onset in infants (SAVI) is caused by gain of function mutations 

in STING1 [65]. The presentation and severity of auto-inflammation in each patient is 

typically determined by the specific mutated gene and the protein machinery’s function 

(e.g. deoxyribonuclease, ribonuclease, dsDNA sensor, proteasome) [64–66]. For example, 

mutations in STING 1 and TMEM173 are associated with the development of severe lung 

disease but this is not associated with other type I interferonopathies [64, 65]. In a recent 

publication Uggenti et al. showed that mutations in genes necessary for the replication-

dependent histone pre-mRNA-processing complex in patients with Aicardi-Goutiéres 

syndrome, indicating nuclear histones are also critical in suppressing the immunogenicity 

of DNA [66].

As previously mentioned in the introduction of this review, interferon production can be 

induced via cell intrinsic mechanisms. Interestingly, this persistent IFNα signaling seen 

in type I interferonopathies do not typically lead to aplastic anemia in humans except in 

cases of ACP5, implying that this autoinflammation does not lead to decreased stem cell 

renewal [64]. This is consistent with in vivo studies of transgenic mice that were engineered 

to overexpress picornavirus RNA-dependent RNA polymerase even in the absence of viral 

infection [67]. Although these mice have lifelong upregulation of ISGs, these mice are 

overall healthy and with normal lifespans [67]. Prior work has shown that the bone marrow 

is able to adapt to persistent IFNα to prevent stem cell exhaustion [39]. However, this is 

not true for persistent type II interferon signaling. This may explain why most patients with 
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interferonopathies do not develop cytopenias while patients with type II mediated aplastic 

anemia do. The differential responses of persistent IFNα versus IFNγ is another example of 

how the in vivo response to interferon signaling is complex and dependent on the modality, 

context, and duration of interferon exposure.

Aplastic anemia and aging—Depending on the context and duration of exposure, IFNα 
signaling can have contradictory effects on the hematological system. Although it may be 

helpful to induce HSC division in certain cases as a response to an infection or other 

assault on the body, the persistent presence of IFN signaling can lead to HSC exhaustion 

and overall loss of the stem cell pool, the cause of aplastic anemia [68]. Similarly, while 

tonic IFNγ signaling is required to maintain baseline homeostasis, dysregulation of IFNγ 
signaling can lead to disease pathology in disease contexts [2, 4, 9, 61]. As previously 

mentioned, IFNγ can push HSCs to divide and differentiate but persistent signaling leads 

to HSC loss and exhaustion. HSC loss can result in bone marrow failure and pancytopenia. 

These effects have been shown to play a role in the development of aging-related phenotypes 

in HSCs. Aging is regarded as a natural form of stress to the hematopoietic system. Work 

done by Michael Milsom’s group showed that extensive treatment with IFNs induces high 

levels of DNA damage in HSCs as a result of increasing proliferation of these typically 

quiescent cells [70]. Using a mouse model of Fanconi anemia, they were able to show that 

extensive exposure to IFNα was sufficient to deplete the HSC pool and promote severe 

aplastic anemia (SAA) in FA mice [70]. The Fanconi pathway is critical in the response to 

interstrand cross-links (ICLs); failure to remove these ICLs results in a failure cell division 

or uncontrolled cell growth due to an inability to make new DNA molecules or lack of 

DNA repair processes, respectively [71]. Because hematopoietic cells are fairly fast dividing, 

the blood system of FA patients is particularly affected and increased damage leads to 

pancytopenia in almost all patients and a higher risk for developing acute myeloid leukemia 

(AML) and myelodysplasia [72]. However, without IFN-induced stress, FA mice did not 

develop SAA, even in extreme old age, indicating that HSC quiescence is a protective 

mechanism that preserves the functionality of the stem cell pool by preventing DNA 

damage.

As we age, inflammation increases, escalating the risk for aplastic anemia (AA). Although 

the age of AA patients may vary, it is more common to develop AA beyond the age of 60 

[73]. Classically, excessive IFNα and IFNγ signaling have been reported in patients with 

AA [58]. Patients who have AA have increased IFNγ serum levels due to autoreactive T 

cells [54, 60]. This dysregulation leads to HSC loss, which is likely linked to a deficiency of 

HSC self-renewal properties [68]. Classically-defined differentiation patterns of multipotent 

progenitor cells (MPP) to megakaryocyte erythroid (MEP) and granulocyte macrophage 

(GMP) progenitors are disrupted in AA due to intrinsic IFNγ signaling, leading to overall 

decreased circulating blood counts [68].

Another aging-related phenomenon is the development of clonal hematopoiesis (CH), 

wherein a genetically distinct population of HSCs becomes disproportionally represented 

in the peripheral blood [21, 66, 67]. CH is associated with a set of somatic mutations that 

give some HSCs a competitive selection advantage over other clones [21, 66–69]. Meisel 

et al. showed that the expansion of HSCs with somatic Tet2 mutations, associated with 
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pre-leukemic myelo-proliferation (PMP), was dependent on microbe-mediated inflammation 

[11]. Recently, it has been shown that persistent inflammatory states induced by autoimmune 

disorders like ulcerative colitis can promote of clonal hematopoiesis. Ulcerative colitis 

patients had significantly increased IFNγ serum levels and sequencing of the peripheral 

blood showed a high frequency of mutations in PPM1D and DNMT3A, two of the most 

common genes affiliated with clonal hematopoiesis in the population [11]. This observation 

implies that persistent inflammation can contribute to the expansion of stem cell clones, 

which also can increase overall hematological cancer risk. In a recent study using powerful 

genomic tools to investigate the transcriptome and epigenome, it was found that aged 

Lineage−CD34+CD38− (HSC enriched; HSCe) cells undergo age-associated epigenetic 

reprogramming through redistribution of DNA methylation and reductions in activating 

histone marks [78]. These changes, particularly seen in developmental and cancer-related 

pathways, were comparable to those observed in other AML patients regardless of age, 

indicating that age-associated reprogramming, likely due to increased inflammation, may 

form a pre-existing condition that fosters the development of age-related AML.

IFNs and hematological cancers—Whereas prolonged exposure to IFNγ and IFNα 
can lead to HSC exhaustion and AA, recent studies suggest that leukemic stem cells 

(LSCs) might respond differently. In most leukemias, LSCs are thought to derive from 

human CD34+/CD38− HSPCs and typically occur at a small frequency [71]. LSCs are also 

self-renewing, multipotent, quiescent cells with the ability to engraft and initiate human 

disease in immune-compromised mice [71]. Due to their heightened drug resistance, LSCs 

are thought to facilitate relapse and thus are an important therapeutic target [71]. IFNγ 
signaling might promote LSC expansion, since growth factor related expansion of CD34+ 

cells can be increased by IFNγ in leukemic individuals [72]. In a murine CML model, IFNγ 
secreted by cytotoxic T cells increased proliferation and induced differentiation of LSCs 

[81], and proliferation and colony formation of CD34+ cells from CML patients increased 

upon IFNγ exposure [81]. Thus, these data suggest that, rather than leading to exhaustion, 

IFNγ may promote LSC expansion. Understanding how IFNγ produced by the host immune 

system contributes to leukemia progression or resistance will be crucial to develop novel 

treatment strategies to eliminate LSCs.

IFNα can exert direct anti-tumor effects by limiting the production of growth-

promoting cytokines, stimulating apoptosis, inhibiting cellular proliferation, and increasing 

immunogenicity. IFNα therapy was first introduced to treat hairy cell leukemia, a rare 

chronic B-cell lymphoid malignancy that causes leukemic cells to have a “hairy” phenotype 

[82, 83]. The response rate was 80-90%, however the duration of cancer remission was short 

with a high chance of relapse [82, 83]. IFNα was also used as a first-line treatment for 

CML patients prior to the introduction of tyrosine kinase inhibitors (TKIs) [1]. A recent 

study suggests that IFNα can exhaust CML LSCs by CEBPβ-mediated differentiation [76]. 

IFNα has also been a mainstay of therapy for myeloproliferative neoplasms [77], with some 

studies suggesting that IFNα may have a differential effect on WT versus JAK2-mutant 

HSCs, thereby reducing JAK2-mutant hematopoiesis while restoring normal clones [86]. 

However, similar to IFNγ, IFNα causes adverse side effects that can lead to flu-like 

symptoms, central nervous system defects, depression, and a 20% chance of developing 
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a secondary cancer [1, 12]. IFNα has also been used to increase blood cell counts in patients 

who suffer from anemia due to infection or as a result from chemotherapy treatments [1, 

12, 75]. Though monotherapy with IFNα was not successful, combination therapy with 

TKIs or other chemotherapeutics may be a viable treatment option to target LSCs through 

activation and improved chemosensitivity upon IFNα treatment or by altering the host 

immune response to LSCs. However, more studies investigating the impact of IFN treatment 

on LSC function and resistance will be essential to gain knowledge for optimization of 

treatment protocols.

The future of IFN therapy: Reprogramming HSCs to enhance the host immune response

Throughout this review we have discussed how IFNα and IFNγ exhibit duality in their 

ability to modulate HSC self-renewal and differentiation, particularly regarding the duration 

and source of this inflammatory signaling (Figure 1). An exciting avenue currently being 

pursued is how IFN signaling may function to reprogram HSPCs. Within the past decade, 

it was discovered that innate immune cells, traditionally thought to have no immunological 

memory, can mount heightened responses to infectious rechallenge, a phenomenon called 

trained immunity [79–81]. The existence of trained immunity in humans has been exhibited 

in epidemiological studies of children vaccinated with live attenuated vaccines including 

Bacillus Calmette-Guerin (BCG), measles, and oral polio vaccine, who were significantly 

protected against other upper respiratory infections, leading to decreased mortality [90]. A 

recent study indicates that HSCs serve as the reservoir for BCG-induced trained immunity, 

and that this response is IFNγ-signaling dependent [52, 83]. Specifically, HSCs from a 

vaccinated animal are sufficient to confer improved immunity in naïve transplant recipients, 

but trained immunity was not transferred if HSCs lacked IFNγ receptor [52]. Further work 

uncovering the mechanism of this induced protection will not only help to improve methods 

of vaccination, but also increase our knowledge on how priming influences the BM niche, 

induces IFN signaling, and reprograms HSCs to respond more efficiently to infectious 

challenge. The ability to influence HSC differentiation with a myeloid bias could be a 

powerful tool to improve our host immune response to a wide variety of pathogens. Further 

work needs to be completed to determine the longevity of this trained response along with 

important transcriptional and epigenetic regulators required to induce HSC reprogramming.

Strikingly, pegylated IFNα is being used in both prophylactic and therapeutic contexts 

for the SARS-CoV-2 pandemic with some success. Since the beginning of the COVID-19 

pandemic, the levels of IFNα signaling have been correlated with severity of infection. 

Lower levels of circulating IFNα correlate with increased disease severity likely due to 

inadequate chemokine signaling to recruit critical immune effector cells to the site of 

infection and hence a less effective immune response [92]. One study conducted in Wuhan, 

China found that patients that were treated with IFNα with or without Umifenovir, an 

antiviral drug, had a significant reduction in detectible virus in the upper respiratory 

tract and reduced systemic levels of IL-6 and C-reactive protein (CRP), two common 

inflammatory molecules [85]. While IFNα is currently only recommended as part of 

an approved clinical trials, it will be interesting to follow current work on the use of 

IFNα treatment for COVID-19 as well as its potential involvement in COVID19-associated 

lymphopenia[86, 87].
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Conclusions

In this review we have highlighted the effects of IFNs on HSPCs. We have discussed 

the somewhat paradoxical finding that IFNs can promote HSC division while at the 

same time impairing function and depleting numbers through increased differentiation and 

reduced self-renewal. The duration of IFN signaling is thus pivotal to the overall outcome, 

with short-term effects possibly contributing to improved immunity whereas long-term 

exposure leading to stem cell exhaustion and aplastic anemia (Figure 1). We highlighted the 

experimental hurdles that make studying the effects of IFNs on hematopoiesis challenging, 

particularly with respect to changes in marker expression (Figure 2) and the role of the bone 

marrow niche in governing HSC responses. Although IFNs are an old drug, continuously 

expanding knowledge about their role in HSC division, differentiation, and self-renewal may 

reveal novel opportunities to modulate IFN signaling to treat infectious, inflammatory, and 

oncologic disorders (Figure 3).
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Highlights

• Type I and II Interferons, specifically IFNα and IFNα, play an important 

role in the self-renewal, quiescence, and differentiation of hematopoietic stem 

cells (HSCs)

• Basal interferon signaling is critical for exit from HSC quiescence during 

development but the context and duration of interferon signaling in acute and 

chronic contexts determine IFN’s effect on adult HSC biology

• Internal and external stressors including infection, aging, and autoimmunity 

can lead to persistent IFN signaling and tip the balance of HSC homeostasis

• Modulating IFN signaling is a proven treatment modality in patients and has 

further therapeutic potential for HSC transplantation and infectious diseases
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Figure 1: The multifaceted impact of Interferons on HSCs.
During homeostasis, basal IFN signaling plays a role in regulating HSC emergence during 

early development. In response to acute IFNs exposure, HSCs exit their quiescent state, 

start cycling, and show myeloid biased differentiation. Chronic exposure to IFNs can lead 

to increased DNA damage, activation of apoptotic pathways, as well as compromised self-

renewal and repopulation capacity. Thus, the role of IFNs on HSCs biology is complex and 

highly dependent on the stimulation conditions.
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Figure 2: Inflammatory stress in the bone marrow leads to increased Sca1 expression on HSCs 
and progenitors.
Compared to PBS treated controls, bone marrow cells treated with recombinant IFN 

show increased levels of Sca1 expression, a stem cell marker commonly used to define 

hematopoietic stem and progenitor enriched cell populations. Under inflammatory stress, 

Sca1 is not only further upregulated on HSCs but also expressed on CMPs and GMPs, which 

typically do not express Sca1 in the steady state. The upregulation of Sca1 on these cells 

causes a shift of these cells into the LSK gate. Furthermore, IFN treatment modulates the 

expression of other stem cell markers like CD150 and CD48. Thus, to accurately determine 

the effects of inflammatory stressors on HSCs and progenitors, it is critical to use further 

markers to define these populations.
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Figure 3: The balance of interferon (IFN) signaling during homeostasis and disease
At steady state, HSCs maintain a balance of self-renewal and differentiation into mature 

blood cells. However, during external and internal stressors that increase IFNα or IFNγ 
signaling e.g. infection, aging, and autoimmunity, homeostasis is lost. With excessive 

IFN signaling, HSCs lose their self-renewal capability and differentiate. Modulating IFN 

signaling by treating patients with recombinant IFNs or blocking IFN signaling pathways 

have proven to be effective treatment strategies.
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